Background/Aims: Periodic mechanical stress can promote chondrocyte proliferation and matrix synthesis to improve the quality of tissue-engineered cartilage. Although the integrin β1-ERK1/2 signal cascade has been implicated in periodic mechanical stress-induced mitogenic effects in chondrocytes, the precise mechanisms have not been fully established. The current study was designed to probe the roles of CaMKII and Pyk2 signaling in periodic mechanical stress-mediated chondrocyte proliferation and matrix synthesis. Methods: Chondrocytes were subjected to periodic mechanical stress, proliferation was assessed by direct cell counting and CCK-8 assay; gene expressions were analyzed using quantitative real-time PCR, protein abundance by Western blotting. Results: Mechanical stress, markedly enhanced the phosphorylation levels of Pyk2 at Tyr 402 and CaMKII at Thr 286 . Both suppression of Pyk2 with Pyk2 inhibitor PF431396 or Pyk2 shRNA and suppression of CaMKII with CaMKII inhibitor KN-93 or CaMKII shRNA blocked periodic mechanical stress-induced chondrocyte proliferation and matrix synthesis. Additionally, either pretreatment with KN-93 or shRNA targeted to CaMKII prevented the activation of ERK1/2 and Pyk2 under conditions of periodic mechanical stress. Interestingly, in relation to periodic mechanical stress, in the context of Pyk2 inhibition with PF431396 or its targeted shRNA, only the phosphorylation levels of ERK1/2 were abrogated, while CaMKII signal activation was not affected. Moreover, the phosphorylation levels of CaMKII-Thr 286 and Pyk2-Tyr 402 were abolished after pretreatment with blocking antibody against integrinβ1 exposed to periodic mechanical stress. Conclusion: Our results collectively indicate that periodic mechanical stress promotes chondrocyte proliferation and matrix synthesis through the integrinβ1-CaMKII-Pyk2-ERK1/2 signaling cascade.
Introduction
Periodic mechanical stress has been confirmed to be a key regulator in enhancing the quality of tissue-engineered cartilage by promoting chondrocyte proliferation and matrix synthesis [1] [2] [3] [4] . Aggrecan and collagen II are the two main cartilaginous matrix molecules that playing important roles in the process of chondrogenesis. However, the detailed mechanisms underlying the response of chondrocytes to periodic mechanical stress remains obscure. Integrin-initiated MAPK activation has been demonstrated to play crucial roles in mechanotransduction in many non-chondrocytic cell types [5] [6] [7] . We also identified that integrin β1-ERK1/2 signals mediated periodic mechanical stress-induced chondrocyte proliferation and matrix synthesis, but other important signaling molecules involved in the signal cascade remain to be determined [1, 2, 4] .
Calmodulin-dependent kinase II (CaMKII), a multifunctional serine/threonine kinase, was confirmed to be a critical regulator of Ca 2+ signaling in various signal pathways. It is widely accepted that when intracellular Ca 2+ increases, Ca 2+ and calmodulin (CaM) combine together to form the Ca 2+ /CaM complex, which then binds and activates CaMKII to mediate multiple cellular biological effects, including proliferation, migration and apoptosis [8] [9] [10] [11] [12] . In our previous study, we demonstrated that PLCγ1, known as an important serine threonine kinase of PLC, is activated in response to periodic mechanical stress [13] . Increasing evidence suggests that PLCγ1 activation elevates the levels of cytosolic Ca 2+ by increasing calcium release from the endoplasmic reticulum [14, 15] . Thus, we have reason to speculate that in chondrocytes, periodic mechanical stress-induced PLCγ1 activation would induce the influx of intracellular Ca 2+ that is responsible for the activation of CaMKII. Moreover, little is known about the specific functions of CaMKII in chondrocytes under periodic mechanical stress. Thus, in the current study, the activation of CaMKII, and final effects of CaMKII on chondrocyte proliferation and matrix synthesis in the context of periodic mechanical stress were examined.
Proline-rich tyrosine kinase 2 (Pyk2) is one member of the non-receptor protein kinases that are highly homologous to FAK and that participate in activation of the downstream signaling events [16, 17] . Several researchers have confirmed that mechanical stimuli could activate FAK signals to modulate cell proliferation in various cell types including chondrocytes [2, 18, 19] . In addition, work from Boutahar and Sonomura have explored the theory that mechanical stimulation activates Pyk2 signaling in osteoblasts and renal tubular epithelial cells [20, 21] . Furthermore, Pyk2 was identified to affect cell proliferation in several cell types in response to many different stimuli [22, 23] . However, the special functions of Pyk2 in the process of mechanotransduced signal pathways in chondrocytes were completely unknown. Thus, elucidation of the roles of Pyk2 in mechanosensing, and in cell behavior and function in chondrocytes are essential under conditions of periodic mechanical stress.
In case of the involvement of CaMKII and Pyk2 in periodic mechanical stress-mediated chondrocyte proliferation and matrix synthesis, the questions then arose as to whether CaMKII and Pyk2 were associated with the integrin β1-ERK1/2 signal cascade and the upstream and downstream relationships between CaMKII and Pyk2. ERK1/2 has been widely reported to be downstream of CaMKII and Pyk2 in many cell types under different conditions, and integrins also appear vital for the activation of CaMKII and Pyk2 in several different settings [24] [25] [26] [27] . However, these may not be true for all cells. In addition, the relationships between CaMKII and Pyk2 remain enigmatic in chondrocytes subjected to periodic mechanical stress. Thus, the relationships between integrin β1, CaMKII, Pyk2 and ERK1/2 in chondrocytes need to be established in this context.
In summary, we aimed to address the question of whether CaMKII and Pyk2 were implicated in the regulation of periodic mechanical stress-mediated cellular processes in chondrocytes, and to investigate the upstream and downstream relationships between integrin β1, CaMKII, Pyk2 and ERK1/2 in this system, with a view to linking these signals into mitogenic cascades. A cell incubator (Heraeus BB 5060), air-tight cell culture device and reciprocating pressure pump, barrier type pressure transducer, and inversion microscope equipped with camera system were bought from Heraeus (Hanau, Germany), Taixing Experimental Instrument Factory (Jiangsu, China), Tianjin Plastics Research Institute (Tianjin, China), and Olympus (Tokyo, Japan), respectively.
Materials and Methods

Materials
Methods
Cell culture. Chondrocytes were harvested using the method described by Séguin and Bernier [28] . Cells were purified by repeated adherence, and morphology was observed under an inverted phase contrast microscope by staining collagen type II according to the conventional ABC method. Cells of the second generation were seeded onto glass slides (25 mm × 25 mm) coated with type II collagen at a density of 10 Inhibitors. Blocking antibodies against integrin β1, KN-93 and PF431396 were specific inhibitors of integrin β1, CaMKII and Pyk2, respectively. The blocking antibody against integrin β1 was dissolved in DMEM, and the other inhibitors were dissolved in anhydrous dimethyl sulfoxide (DMSO) to form 1,000× concentrated solutions. Aliquots of all inhibitors were stored at −20°C. Each concentrated solution was diluted 1,000× immediately prior to use; KN-93 and PF431396 pretreatment groups contained 0.1% (v/v) DMSO, which was the concentration used for the control group. Cells were pre-treated with KN-93 (10 μM), PF431396 (10 μM), or an equivalent amount of DMEM or DMSO (0.1% v/v) for 1 h. The remaining cells were pre-treated with blocking antibodies against integrin β1 (10 μg/mL for each) or an equivalent amount of DMEM for 5 h.
Construction of a periodic mechanical stress field. A periodic stress field encompassing the perfusion culture system with adjustable stress intensity and frequency was constructed by connecting the reciprocating intensifier pump to the air-tight cell culture device through a barrier-type pressure transducer, as previously described [29] . Our previous study found that tissue-engineered cartilage exhibited the best quality when the rabbit chondrocytes underwent stress varying from 0 kPa to 200 kPa at 0.1 Hz. Therefore, this pressure range (0-200 kPa) and frequency (0.1 Hz) were used in the experiment.
Experimental groups. Two steps were undertaken in the experiment. In the first step, cells were divided into a non-pressure group and a pressure group. Cells were maintained under static conditions or periodic mechanical stress for 0, 0.5, 1 or 2 h prior to western blot analysis. In the second step, cells were pretreated with blocking antibodies against integrin β1 (10 μg/mL for each), KN-93 (10 μM), or PF431396 (10 μM), or with shRNA targeted to CaMKII, Pyk2 or control scrambled shRNA. Cells were maintained under static conditions or periodic mechanical stress for 1 h prior to western blot analysis, for 8 h prior to qPCR analysis (aggrecan and type II collagen gene expression), and for 3 d (8 h per d mechanical stress) prior to direct cell counting or CCK-8 assay.
All groups of cells involved in the experiments were incubated at 37°C with 5% CO 2 .
Western blot analysis
Total protein was prepared and western blot analyses were performed as previously described [30] [31] [32] . Total protein was prepared using RIPA buffer and the Bradford assay was used to determine protein concentration. Protein samples were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes. Following blocking for 1 h with 5% milk in TBST, the membranes were incubated with antibodies (1:1,000 dilutions for three antibodies) overnight at 4°C. Blots were then incubated with horseradish peroxidase-conjugated secondary antibody at ambient temperature for 1 h and the bands were detected with ECL. The results were scanned using a gel imaging system (UVP Ltd., Cambridge, UK) and measured using Gel-Pro Analyzer software (Media Cybernetics, Rockville, MD, US).
Quantitative real-time PCR (qPCR) analysis
Total RNA was extracted using RNAiso Plus and was reverse transcribed into cDNA with the PrimeScript RT Reagent Kit according to the manufacturer's protocol. qPCR analysis was performed with the LightCycler System (Roche Diagnostics, Basel, Switzerland) using SYBR Premix Ex Taq II as previously described [33, 34] . The reaction was performed in a 20-μL mixture containing 2 μL of the above cDNA. Each cDNA sample was amplified using specific primers (Table 1 ; TaKaRa). The cycling conditions were a 30-s initial denaturation step at 95°C followed by 40 cycles at 95°C for 5 s and 60°C for 20 s. Gene expression for AGC and Col2 was normalized against that for GAPDH.
Proliferation studies Proliferation studies were assessed by two different methods: direct cell counting and CCK-8 assay.
Direct cell counting
Cells were trypsinized and counted as previously described [35] . Second generation chondrocytes were seeded onto glass slides (25 mm × 25 mm) coated with type II collagen at a density of 10 5 cells and were randomly divided into different groups. Each group included cells on six glass slides. Experiments were performed when cells had reached approximately 70-80% confluence. Chondrocytes were cultured for 3 days under non-pressure conditions or conditions of periodic mechanical stress for 8 h per day prior to direct cell counting. Cells were trypsinized and counted. Cell number was determined by counting cells from each glass slide independently. The experiments were repeated five times.
CCK-8 assay
Cell proliferation was determined by using CCK-8 solution according to the manufacturer's instructions as previously described [36, 37] . Cells were added to 10 μL CCK-8 solution in each well of five 96-well plates (n = 5) and incubated for 4 h at 37°C. The absorbance of each well was finally determined at 450 nm using a microplate reader.
Co-immunoprecipitation analysis
Cells were lysed and immunoprecipitation analyses were carried out as previously described [20] . Lysates were clarified by centrifugation at 14,000 rpm for 20 min. Supernatants were transferred to fresh Table 1 . Primer sequences and product sizes used for real-time PCR tubes and protein concentration of lysates was determined using the Bradford assay. Immunoprecipitations were typically performed using 1-2 mg of cell lysate and 2 µg of purified monoclonal antibodies for PYK2 and CaMKII. After incubation at 4°C on a rotating device for 2 h, immune complexes were precipitated at 4°C overnight on a rotating device of protein A-sepharose.
Immunoprecipitates were washed three times with lysis buffer, extracted in 2 × SDS-PAGE sample buffer by boiling for 5 min, electrophoresed by SDS-PAGE, and then analyzed by western blotting.
Statistical analysis
Statistical analyses were performed using SPSS 14.0 software (SPSS Inc., Chicago, IL, USA) and the results are expressed as the mean ± standard deviation. Student's unpaired t-tests and one-way analysis of variance (ANOVA) followed by post-hoc Fisher's least significance difference (LSD) tests were used to determine the statistical significance. A P value of 0.05 was considered to be significant. Fig. 1 , n = 5,*). In addition, the phosphorylation levels of CaMKII and Pyk2 were both increased at 0.5, 1 and 2 h compared to that at 0 h under periodic mechanical stress (P < 0.05 for each, Fig. 1 , n = 5, #).
Results
Effects of periodic mechanical stress on the expression and activation of Pyk2 and CaMKII
Our results showed that periodic mechanical stress markedly induced phosphorylation of Pyk2 at Tyr 402 and CaMKII at Thr 286 in chondrocytes in comparison to those cultured under static conditions (P < 0.05 for each,
Effects of selective inhibitors of Pyk2 and CaMKII on cell proliferation and matrix synthesis in response to periodic mechanical stress
We then sought to determine whether Pyk2 and CaMKII are required for periodic mechanical stress-induced chondrocyte proliferation and matrix synthesis. We observed that compared with the control group, both Pyk2 inhibition with PF431396 and CaMKII inhibition with KN-93 prevented chondrocyte proliferation and matrix synthesis under conditions of periodic mechanical stress (P < 0.05 for each, Fig. 2 , n = 5). 402 in the pressure groups were significantly increased compared to those in the non-pressure groups (n = 5, *, P < 0.05 for each, Student's unpaired t-test). The phosphorylation levels of CaMKII and Pyk2 were both increased at 0.5, 1 and 2 h in comparison to that at 0 h under periodic mechanical stress (n = 5, #, P < 0.05 for each, Student's unpaired t-test).
Effects of blockade of Pyk2 and CaMKII with targeted shRNA on periodic mechanical stress-stimulated chondrocyte proliferation and matrix synthesis
To determine whether Pyk2 and CaMKII are involved in periodic mechanical stressinduced chondrocyte proliferation and matrix synthesis, we pretreated chondrocytes with shRNA targeted to Pyk2, CaMKII and combined (Pyk2+ CaMKII) or non-targeting (NT) shRNA sequences for 48 h. We observed that chondrocyte proliferation and matrix synthesis were both significantly inhibited in the Pyk2 targeted shRNA, CaMKII targeted shRNA and combined (Pyk2+ CaMKII) targeted shRNA groups, relative to that in the NT shRNA group (P < 0.05 for each, Fig. 3 , n = 5).
CaMKII is essential for periodic mechanical stress-induced ERK1/2 activation
We further evaluated the participation of CaMKII in ERK1/2 stimulation in the setting of periodic mechanical stress. CaMKII reduction via pretreatment with either its selective inhibitor KN-93 or its targeted shRNA prevented ERK1/2 phosphorylation relative to those in the control groups cultured under periodic mechanical stress (P < 0.05 for each, Fig. 4 , n = 5).
CaMKII modulates periodic mechanical stress-induced Pyk2phosphorylation
The protein phosphorylation levels of Pyk2 were examined and found to be significantly attenuated upon pretreatment with the inhibitor KN-93 and with shRNA targeted to CaMKII as compared to mock transfectants under periodic mechanical stress (P < 0.05 for each, Fig.  4 , n = 5). Co-immunoprecipitation studies showed that in relation to periodic mechanical stress, the association between CaMKII and Pyk2 was not increased compared with those cultured under static conditions (Fig. 7) . 
Pyk2 is required for periodic mechanical stress-induced ERK1/2 activation
The phosphorylation levels of ERK1/2 were noticeably reduced in the PF431396 and Pyk2-shRNA transfected groups subjected to periodic mechanical stress, in comparison with the control groups (P < 0.05 for each, Fig. 5 , n = 5).
CaMKII is not regulated by Pyk2 in response to periodic mechanical stress
Next, we aimed to investigate the role of Pyk2 in periodic mechanical stress-induced CaMKII phosphorylation. Under periodic mechanical stress, CaMKII activation was not affected by pretreatment of chondrocytes with PF431396 or with shRNA targeted to Pyk2 (P < 0.05 for each, Fig. 5 , n = 5).
Integrin β1 inhibition suppressed the phosphorylation levels of CaMKII and Pyk2 under periodic mechanical stress
Pretreatment with blocking antibodies against integrin β1 markedly reduced periodic mechanical stress-induced CaMKII and Pyk2 phosphorylation in comparison to the control groups (P < 0.05 for each, Fig. 6 , n = 5). 
Discussion
In the current study, we observed that application of periodic mechanical stress to chondrocytes induced integrin β1 activation, leading to the activation of CaMKII phosphorylation at Thr 286 and Pyk2 phosphorylation at Thr
402
, and subsequently the phosphorylation of ERK1/2, which is ultimately responsible for the up-regulation of chondrocyte proliferation and matrix synthesis.
Previous studies regarding CaMKII in the nervous system and heart have resulted in its functions being well characterized [38] [39] [40] . Accumulated evidence has shown that CaMKII activation is closely related to increased intracellular calcium levels [8, 9] . In addition, PLCγ1 signaling has also been proven to facilitate the influx of intracellular Ca 2+ [14, 15] . Thus, PLCγ1 may be located upstream of CaMKII by influencing intracellular calcium levels in some cases. Indeed, PLCγ1 activation has been reported to activate CaMKII signaling in the study of mouse embryonic fibroblasts and human breast cancer cells [41, 42] . As PLCγ1 has been proven to be a critical determinant in periodic mechanical stress-induced chondrocyte proliferation and matrix synthesis, we examined the specific roles of CaMKII in , in comparison with that in chondrocytes cultured under static conditions. Following blocking CaMKII with KN-93 or shRNA targeted to CaMKII, we observed that chondrocyte proliferation and matrix synthesis were strongly attenuated even after exposure to periodic mechanical stress. Our results strongly demonstrated that CaMKII seems to play an essential role in chondrocytic adaptation and response to periodic mechanical stress. Several lines of evidence revealed that in some other cell types including osteoblasts and cardiomyocytes, CaMKII signaling was also confirmed to be indispensable in mechanosensing and signaling in cells subjected to physical forces [43, 44] . To our knowledge, the results are the first to analyze the effects of CaMKII signaling on chondrocyte mitogenic effects in relation to periodic mechanical stress.
Although Pyk2 protein is highly homologous to FAK, their activation patterns appear to vary among settings and cell types [45, 46] . For example, Loeser et al. demonstrated that in response to fibronectin fragments, the phosphorylation levels of Pyk2 were significantly increased, while FAK activation was not affected in human chondrocytes [45] . However, work from Sugimura et al. showed that in tissues of the rat proximal aorta, either FAK or Pyk2 was activated by elevated blood pressure [46] . FAK has been reported to be involved in periodic The phosphorylation levels of ERK1/2-Thr202/Tyr204 in the PF431396 and Pyk2 shRNA groups were significantly reduced compared to those in the control groups in chondrocytes subjected to periodic mechanical stress (n = 5, *P < 0.05, Student's unpaired t-test), while the activation of CaMKII-Thr286 in the PF431396 and the Pyk2 shRNA groups was not affected (n =5, P > 0.05 for each, Student's unpaired t-test).
mechanical stress-induced chondrocyte proliferation and matrix synthesis [2] . However, to date, the roles of Pyk2 in mechanical-stimulated signaling in chondrocytes remain elusive. We found that periodic mechanical stress leads to Pyk2-Tyr 402 activity in chondrocytes. Moreover, Pyk2 reduction with shRNA or its selective inhibitor PF431396 significantly prevented periodic mechanical stress-stimulated chondrocyte proliferation and matrix synthesis. Therefore, in addition to FAK, Pyk2 phosphorylation at Tyr 402 also appears central to the cellular biological effects in chondrocytes, in the context of periodic mechanical stress. Our data are in agreement with those of a study on osteoblast mechanotransduction, by Boutahar et al. who reported that in response to cyclic strain, ERK2 activation-induced osteoblast proliferation was both FAK-and Pyk2-dependent [20] . Interestingly, work from Young et al. showed that in the same cell type (osteoblasts), only FAK was required for fluid shear stress-induced osteoblast mechanotransduction [47] . This discrepancy in the results may reflect differences in cell types and mechanical stimuli applied during mechanotransduction. In any case, it is a novel finding that Pyk2 regulates periodic mechanical stress-mediated chondrocyte proliferation and matrix synthesis.
As we have proved that integrin β1-initiated ERK1/2 signaling is involved in periodic mechanical stress-induced cellular response in our previous study, and probed the participation of CaMKII and Pyk2 in the current study, one concern might be raised: there may be some upstream and downstream relationships between integrin β1, CaMKII, Pyk2 and ERK1/2. ERK1/2 has often been indicated to be a downstream molecular mediator of CaMKII and Pyk2 in many other cell types [24, 25] . In our experiments, either pretreatment of chondrocytes with the CaMKII inhibitor KN-93 and shRNA targeted to CaMKII or the Pyk2 inhibitor PF431396 and shRNA targeted to Pyk2 abolished ERK1/2 activation under periodic mechanical stress, which suggests that ERK1/2 is located downstream of CaMKII and Pyk2 in this context. Similarly, in an earlier study in osteoblasts, Boutahar et al. demonstrated that activated Pyk2 played a pivotal role in cyclic strain-induced ERK1/2 activation [20] . In contrast, Fukuno et al. demonstrated that stretching enhanced the expression levels of IL-6 in osteoblasts through the JNK and p38 pathways [44] . Our results indicate that in chondrocytes, when subjected to periodic mechanical stress, ERK1/2 activation is at least partly mediated by CaMKII and Pyk2, and could not exclude the participation of other signal proteins located downstream of CaMKII and Pyk2.
Increasing evidence has confirmed that the activation of both CaMKII and Pyk2 are closely related to the functions of integrins in many cell types [26, 27] . We observed that blocking integrin β1 with its functional blocking antibody significantly abrogated phosphorylation of Pyk2 at Tyr 402 and CaMKII at Thr 286 in chondrocytes in the application of periodic mechanical stress. Our results clearly illustrated that integrin β1 activation played essential roles in periodic mechanical stress-facilitated CaMKII signaling and Pyk2 signaling in chondrocytes.
Next, we aimed to investigate the interactions between CaMKII and Pyk2. In addition to CaMKII, Pyk2 has also been found to be a calcium-dependent tyrosine kinase in a variety of signaling pathways [48, 49] . Thus, we have reason to explore whether there could be some causal relationship between periodic mechanical stress-induced CaMKII activation and Pyk2 activation. A search of the literature revealed no studies about the interactions between CaMKII and Pyk2 under conditions of mechanical stimulation. In response to some non-mechanical stimuli, CaMKII has been considered to be an upstream regulator of Pyk2 in several cell types [50] [51] [52] . Unexpectedly, Xie and colleagues reported that CaMKII inhibition with KN62 was unable to block GnRHa-induced Pyk2 phosphorylation in αT3-1 cells [53] . We observed that under periodic mechanical stress, CaMKII reduction significantly disrupted the phosphorylation of Pyk2, whereas the activation of CaMKII was not affected after Pyk2 inhibition, which suggested that Pyk2 was located downstream of CaMKII in our experiments. Taken together, the differences between these reports and our results may be due to the activation of CaMKII and Pyk2 by multiple inputs and variations in cell types and settings. We further used co-immunoprecipitation analyses to explore the exact mechanisms by which CaMKII leads to activation of Pyk2. We found that periodic mechanical stress was unable to increase the association between CaMKII and Pyk2, which suggests that CaMKII and Pyk2 may act via other substrates proximal to Pyk2 rather than acting directly.
Above all, we have identified CaMKII and Pyk2 to be two remarkable signal proteins involved in the periodic mechanical stress-initiated integrin β1-ERK1/2 signal cascade. Integrin β1 can recruit and activate Pyk2, which requires activation of CaMKII, which, in turn, facilitates activation of ERK1/2 in chondrocytes under periodic mechanical stress. Briefly, periodic mechanical stress promotes chondrocyte proliferation and matrix synthesis through the integrinβ1-CaMKII-Pyk2-ERK1/2 pathway. The association between CaMKII and Pyk2 subjected to periodic mechanical stress. After being subjected to periodic mechanical stress or cultured under static conditions for 0, 0.5, 1 or 2 h, rat chondrocytes were lysed immediately. Lysates were immuno-precipitated using an anti-PYK2 antibody (Anti PYK2 IP). The immune complexes were then subjected to western blotting and probed with an anti-CaMKII antibody (Anti-CaMKII IB).
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